Introduction
The widespread contemporary interest in the coordination chemistry of rhenium arises mainly from the introduction of β In the current paper, we have turned our attention to studies of imidorhenium(V) complexes and we examined the reactivity of pyridine-2-carboxylic acid (py-2-COOH) O (6) , are reported and characterized structurally and spectroscopically. Calculations at the DFT level were undertaken to elucidate the structural, spectroscopic and bonding properties of the trans- (Cl,Cl) and cis- (Cl,Cl) isomers of [Re(p-NC 6 H 4 CH 3 )X 2 (py-2-COO)(PPh 3 )]. The catalytic activity of the complexes incorporating picolinate ligand was studied and compared in the synthesis of N-substituted ethyl glycine esters from ethyl diazoacetate and amines.
Results and Discussion
Synthesis of the complexes. for 3). In comparison with the experimental data, however, these values are shifted to higher frequencies by ~8%, which is an usual feature for this approach ( Figure S1 ). core, and reflect the expected triple Re≡N bond. 6, 11 The interatomic distance between the rhenium atom and carboxylate oxygen atom is almost equal to an ideal single Re-O bond length (ca. 2.04 Å), 13 indicating lack of delocalization in the RN≡Re-O unit.
The complexes 5 and 6 were found to be trans-(X,X) isomers with methoxy ligand trans 
were optimized in singlet states using three DFT methods (B3LYP, BP86, PBE1PBE) in combination with several basis sets given in Table 2 .
(Table 2)
All the methods give acceptable deviations between the experimental and theoretical geometric data. The largest deviations were found for BP86 procedure, whereas both geometries were best reproduced by employing the PBE1PBE method (Table S2) This issue can be partly solved by using dispersion corrected functional in DFT method, as indicated by the results for dispersion corrected B3LYP functional (Table S2) . Further calculations were performed using PBE1PBE method in combination with the basis sets appointed in Table 2 as LTZ631+.
For both compounds, the calculated charge on the rhenium atom is considerable lower than the formal charge +5 as a product of significant charge donation from ligands to d Re orbitals in the examined structures (Table 3) . Less positive charge on the rhenium atom in cis-(Cl,Cl) isomer can be correlated with higher electron density delocalization from Cl ligands towards the rhenium center occurring for this ligand arrangement. The Cl ligands of trans-(Cl,Cl) isomer are more negatively charged as compared to cis-(Cl,Cl) one. For the other donor atoms of coordination sphere no significant variations in the calculated atomic charges are observed between 1 and 3.
( The triple bond character of Re-N imido in 1 and 3 is also indicated by the Wiberg bond indices (Table 4 ). For both complexes 1 and 3, the Wiberg bond indices of Re(1)-N(2) are over three times larger than those of Re(1)-N(1) in 1 and Re(1)-N(1) in 3.
(Table 4)
All used functionals and basis sets led to the higher stability of the cis-isomer, but the energy difference between trans-(Cl,Cl) and cis-(Cl,Cl) isomers is remarkably small (1.92-3.74 kcal/mol), indicating that their formation is kinetically rather than thermodynamically controlled.
Schematic representation of the energy levels with the partial frontier molecular orbital compositions of 1 and 3 is presented in Figure 3 . The contours of the selected frontier orbitals are depicted in Figure 4 . The HOMO-1 orbital is 1.16 eV for 1 and 0.96 eV for 3 lower in energy in relation to the highest occupied molecular orbital and presents a high contribution of the pmethylphenylimido ligand (70% for 1 and 72% for 3). The contribution of this ligand is due to the interaction of a bonding p orbital with a metallic d π orbital (14% for 1 and 13% for 3). To a large extent, the HOMO-1 of 1 and 3 can be considered as π Re≡NR orbital. For cis- (Cl,Cl) isomer, also a moderated contribution from the antibonding interaction of rhenium d π orbital with Cl orbitals (12%) is observed in this molecular orbital. In turn, the HOMO-1 of 1 is contributed by triphenylphosphine orbitals (10%). The other high-lying occupied orbitals are mainly centered on the triphenylphosphine orbitals.
The LUMO of these complexes presents a high contribution of the pmethylphenylimido ligand, mainly from the interaction between the π*-antibonding orbital and d π rhenium orbital. A significant contribution of π * Re≡NR orbitals is also observed in LUMO+1 and LUMO+2 of 1 and 3, Unlike to LUMO, however, these MOs are predominantly localized on the π*-antibonding orbitals of picolinate ligand.
By comparing the FMO energy levels of 1 and 3, it can be found an insignificant increase in the energy gap HOMO-LUMO for cis-(Cl, Cl) isomer (3.28 for 1 and 3.46 eV 3).
For this geometry, the energy level of HOMO level is stabilized whereas the energy level of LUMO is slightly raised compared with complex 1.
( Figures 3 and 4) Electronic spectra. The complexes 1 and 3 have similar absorption character and TDDFT transitions well correlate with the experimental absorptions, as illustrated in Figure 5 . Aniline (7a) was selected as the model substrate in order to better assess the selectivity of the catalysts due to the presence of two N-H bonds that could lead to products 9a and 10a (Scheme 2 and Table 5 ).
Scheme 2. The reaction of aniline with ethyl diazoacetate catalyzed by the rhenium complexes.
(Table 5)
Initial studies with the complex trans-Cl,Cl (1) at 70 ºC under air, either in toluene or without solvent gave poor conversions (Table 5 , entries 1 and 2). A promising 42% conversion into product 9a was, however, noted when the reaction was carried out under an argon atmosphere (Table 5 , entry 3). This result could be somewhat improved when using trans-Br,Br (2) as catalyst, albeit a substantial amount of product 10a was obtained (Table 5, entry 4). Interestingly, the formation of the latter could be prevented when double amount of the catalyst was utilized (Table 5 , entry 5), whereas microwave irradiation did not have any influence in the reaction rate (Table 5 , entry 6). Higher conversion was achieved for 9a with nucleophilic attack by the amine at the carbon atom of the metallacycle. 4 In our case, the scenario is rather different as no Re=O bonds are present in the complexes. Therefore, we
propose the nucleophilic attack of the amine occurring on the electrophilic Re carbene 10 to form an ammonium ylide (11), which undergoes a 1,2-rearrangement to transfer a proton from nitrogen to carbon with regeneration of the catalyst (Scheme 4).
The fact that methylrhenium trioxide attained higher yields than our complexes, in the reaction of primary amines with ethyl diazoacetate, could be due to the higher electrophilic character of the carbon-reacting center in the corresponding intermediate, given that Re(VII) species are involved instead of the Re(V) of our complexes. Indeed, the calculated charge on the rhenium atom in 1 and 3 was found to be considerable lower than the formal charge +5 (see above). However, in the case of the reaction of ethyl diazoacetate with secondary amines (Scheme 3), the fact that there is only one reactive N-H bond together with their higher nucleophilicity could account for the better yields observed. A comparison between the reactivity of the complexes 1-4 seems more difficult to establish. On one hand, the less positive charge on the rhenium atom in cis-(Cl,Cl) isomer, when compared with that in trans-(Cl,Cl), points to a favoured nucleophilic attack in the derived carbene of the latter (more electrophilic). However, the product conversion was higher for cis-(Cl,Cl) (67% vs. 42%). At any rate, we must take into account that the Re atomic charges from the Natural Population Analysis (NPA) ( Table 4 ) are small and, probably, not different enough to allow the explanation of the differences found in reactivity.
On the other hand, the NBO studies revealed the existence of one σ and two π bonds of Re-N imido in cis- (Cl,Cl) , strongly polarized towards the nitrogen atom, and the lack of σ Re-NR natural orbital in trans- (Cl,Cl) , what might indicate a lower stability of the latter complex affecting its reactivity.
As regards the reactivity of the dibromo complexes 2 and 4 with ethyl diazoacetate and aniline, the conversion was the same in both cases (54%) and somewhat lower than with cis-(Cl,Cl) (1). Therefore, the stereochemistry seems not to play an important role in this particular reaction. The differences in reactivity were more pronounced in the reaction of ethyl diazoacetate and piperidine, a more nucleophilic and bulkier amine than aniline (Scheme 3). In this case, the higher electrophilicity conferred to the complex by the two Cl ligands (more electronegative that Br), together with the lower steric hindrance imparted by Cl to the complex when compared with Br, could explain the higher conversion recorded for the cis-(Cl,Cl), the stereochemistry being important in this case.
Another aspect that could be considered is the ligand exchange in the formation of the Re carbene 10. If we suppose that PPh 3 is the ligand exchanged by the carbene derived from ethyl diazoacetate (we always detect some PPh 3 as by-product), 18 this exchange could be more favoured for a certain stereochemistry on the basis of steric factors or the strength of the interaction of PPh 3 with the metal. On this basis, PPh 3 might interact stronger with the more positively charged Re in trans- (Cl,Cl) , making the ligand exchange more difficult and resulting in lower yield than with cis- (Cl,Cl) .
Although the methodology of Espenson's group, involving MeReO 3 , produced compound 9a in a higher yield (89%) under milder reaction conditions, the long reaction times applied and the use of dry benzene as solvent curtail its practical application. 4 In contrast, the procedure presented herein is more environmentally benign, with the reactions proceeding in moderate-to-excellent yields under solvent-free conditions.
Conclusions
The reactivity of [Re(p-NC 6 H 4 CH 3 )Cl 3 (PPh 3 ) 2 ] (X = Cl, Br) towards pyridine-2-carboxylic acid has been examined and compared with the related exchange reactions performed with oxocompounds [ReOX 3 (PPh 3 ) 2 ]. As a result of these studies, six novel rhenium(V) imidocomplexes have been obtained and characterized structurally and spectroscopically. In Details concerning crystal data and refinement are given in Table 1 . Lorentz, polarization and empirical absorption correction using spherical harmonics implemented in SCALE3 ABSPACK scaling algorithm were applied. 20 The structures were solved by the Patterson method and subsequently completed by the difference Fourier recycling. All the nonhydrogen atoms were refined anisotropically using full-matrix, least-squares technique. The hydrogen atoms were treated as "riding" on their parent carbon atoms and assigned isotropic temperature factors equal 1.2 (non-methyl) and 1.5 (methyl) times the value of equivalent temperature factor of the parent atom. The methyl groups were allowed to rotate about their local threefold axis. SHELXS97 and SHELXL97 programs were used for all the calculations. 8.18(d, 1H, 7.8Hz), 8.07(td, 1H, 7.7Hz, 1.4Hz), 7.98(d, 1H, 5.5Hz), 7.91(ddd, 1H, 8.0Hz, 4.7Hz, 1.9Hz), 7.61(ddd, 6H, 11.3Hz, 7.9Hz, 1.5Hz), 11H), 7.25(d, 2H, 8.1Hz ), 2.27(s, 3H) and 2.09 (s, 3H). 13 C NMR (125 MHz, DMSO-d 6 ): δ = 154. 2, 148.2, 147.0, 143.0, 141.9, 134.6, 134.5, 131.8, 131.7, 131.5, 131.3, 129.8, 128.9, 128.8, 126.4, 121.9, 118.5, 22.4, 1.62 3, 148.6, 147.0, 142.8, 142.3, 134.7, 134.6, 131.6, 128.8, 128.2, 121.7, 22.4 ppm. 31 P NMR (DMSO-d 6 ): δ = 25.65 ppm.
the isomers trans-(X,X)-[Re(p-NC 6 H 4 CH 3 )X 2 (py-2-COO)(PPh 3 )] and cis-(X,X)-[Re(p-

Preparation of complexes 1b and 3
[Re(p-NC 6 H 4 CH 3 )Cl 3 (PPh 3 ) 2 ] (0.48 g, 0.54 mmol) was added to pyridine-2-carboxylic acid (0.07 g, 0.60 mmol) in methanol (60 ml) and the reaction mixture was refluxed for 4 h. The resulting solution was reduced in volume to ∼10 ml and allowed to cool to room temperature.
A green crystalline precipitate was filtered off and dried in the air. X-ray quality green methanol. The crystals of 1b and 3 were manually separated using microscope and they were collected in 25 and 65% yield, respectively. Both compounds crystallize in a monoclinic system (1b in Cc and 3 in P2 1 /n space group), but they belong to different crystal classes, 1b to monoclinic-domatic class, whereas 3 to prismatic crystal class. Different shapes and larger dimensions of the crystals 1b facilitate hand-sorting of the crystals 1b and 3. The photos of the measured monocrystals of 1b and 3 with their dimensions are shown in Scheme 5. 19(d, 1H, 7.7Hz), 8.07(td, 1H, 7.6Hz, 1.4Hz), 7.98(d, 1H, 5.4Hz), 7.92(ddd, 1H, 7.1Hz, 5.6Hz, 1.3Hz), 7.59(ddd, 6H, 9.8Hz, 7.7Hz, 1.7Hz), 7.49(dd, 7.4Hz, 2.0Hz, 9H), 7.42 (d, 2H, 8.3Hz), 7.25(d, 8.2Hz, 2H and 2.26(s, 3H) . 13 C NMR (125 MHz, DMSO-d 6 ): δ = 169. 2, 154.2, 148.2, 147.0, 143.0, 141.9, 134.6, 134.5, 131.8, 131.7, 131.5, 131.3, 128.9, 128.8, 121.9, 31.2, 22.4 ppm. 9, 148.1, 146.2, 143.0, 141.9, 134.6, 134.5, 131.8, 131.5, 131.3, 131.0, 129.7, 129.3, 129.2, 129.1, 128.9, 128.8, 126.4, 125.9, 124.3, 121.9, 31.1, 22.4, 22.2 ppm. 31 P NMR (DMSO-d 6 ): δ = 25.62 ppm.
Preparation of complexes 2 and 4
A procedure similar to that for 1b and 3 was used with C 43.62, H 3.31, N 3.28; found C 43.42, H 3.26, N 3.35%. 1 H NMR (DMSO, ppm): δ = 7.94 (dd, 1H, 6.6Hz, 5.1Hz), 4H), 10H), 5H), 3H) , 3.33(s, 2H) and 2.23(s, 3H). 156.5, 154.2, 148.2, 147.0, 143.0, 141.9, 134.6, 134.5, 134.1, 134.0, 131.8, 131.7, 131.5, 131.3, 129.8, 129.2, 129.1, 128.9, 128.8, 127.6, 126.6, 126.4, 125.9, 123.5, 122.9, 121.9, 118.6, 22.4 ppm. C 57.58, H 4.39, N 1.53; found C 57.39, H 4.27, N 1.47%. 1 H NMR (DMSO, ppm): δ = 7. 30H), 2H), 7.31(d, 1H, 8.4Hz), 7.26(d, 1H, 8.4Hz), 3.17(s, 3H) , 2.33(s, 3H). 13 C NMR (125 MHz, DMSO-d 6 ): δ = 133. 6, 132.7, 132.5, 131.9, 130.6, 129.3, 129.2, 123.5, 49.2, 21 .0 ppm. 30H), 7.32(d, 2H, 8.1Hz), 2H), 3.17(s, 3H) , 3.54 (s, 1H) and 2.33(s, 3H).
13
C NMR (125 MHz, DMSO-d 6 ): δ = 138. 4, 132.5, 132.0, 131.9, 129.3, 129.2, 123.5, 49.0, 21 .0 ppm. 
Catalytic experiments
All reactions were performed using screw-cap tubes in a multi-reactor system. In a typical experiment: Aniline (7a, 0.5 mmol, 49 μL) and ethyl diazoacetate (8, 0.5 mmol, 53 μL) were added to a reactor tube containing the complex cis-[Re(p-NC 6 H 4 CH 3 )Cl 2 (py-2-COO)(PPh 3 )] (2.5 mg, 0.0034 mmol, 0.68 mol%) without solvent and under argon. The reaction mixture was warmed to 70 ºC and monitored by TLC and/or GLC until steady conversion of the starting materials. EtOAc (2 mL) was added to the resulting mixture, followed by filtration through celite and washing with additional EtOAc (4 mL). The solvent was evapored at reduced pressure and the resulting reaction crude was purified by column chromatography 
Computational Details
The gas phase geometries of trans- )] were verified by performing of frequency calculation. The absence of imaginary frequency ensures that the optimized geometries correspond to true energy minima. All the subsequent calculations were performed based on optimized geometries using PBE1PBE method in combination with the basis sets appointed in Table 3 as LTZ631+. Natural bond orbital (NBO) calculations were performed with the NBO code included in Gaussian03.
24
The electronic spectra were calculated with the TDDFT method and the solvent effect was simulated using the polarizable continuum model (PCM).
25 Table 1 . Crystal data and structure refinement for 1-6 complexes. 293 (2) 293 (2) 293 (2) 293 (2) 293 (2) 293 (2) 293 ( Table 4 . Wiberg bond index matrix in the NAO basis for 1 and 3 (PBE1PBE method in combination with LTZ631+). 
